Introduction
Clostridium perfringens type A (C. perfringens) causes gas gangrene with inflammatory myopathies and infrequently septicemia associated with massive intravascular hemolysis. The gas gangrene involves any part of the body; the most common sites being the toes, fingers, feet, and hands. Features include localized pain, swelling and myonecrosis, and finally, shock and death. The septicemia with massive hemolysis and fever leads to death within a few hours. The microorganism is known to produce a variety of toxins and enzymes that are responsible for severe myonecrotic lesions. Notably, alpha-toxin, which possesses hemolytic, necrotic and lethal activities, and phospholipase C (PLC) and sphingomyelinase (SMase) activities, is an important agent for the diseases (Bryant et al. 2000, Sakurai, Nagahama and . It has been reported that the toxin is required for myonecrosis, hemolysis, inhibition of neutrophil infiltration and thrombosis , Awad et al. 2001 , Ellemor et al. 1999 . We also reported that the toxin stimulated O 2 -production in neutrophils, and firm adhesion of the cells to matrix ligands, fibrinogen, fibronectin, and collagen , suggesting that the toxin stimulates the binding of neutrophils to the vascular endothelium and inflammation there. The findings suggest that neutrophils activated by the toxin are unable to migrate across the vascular endothelium in an infectious focus. Actually, gas gangrene caused by C. perfringens is reported to be a fulminant necrotizing infection in which inflammatory cells are notably absent from infected tissues, but are often accumulated in vascular wall ( Bunting et al. 1997) . Stevens et al. reported that alpha-toxin may cause shock indirectly by stimulating the release of endogenous mediators Stevens 1996, Stevens 2000) . We found that the intravenous injection of alpha-toxin in mice resulted in the release of various cytokines (Oda et al. 2008) . Cytokines are immunoregulatory peptides with a strong inflammatory action, mediating the immune/metabolic response to an external noxious stimulus and later the transition from septicemia to septic shock, multiple organ dysfunction syndromes, and/or multiple organ failure (Tracey et al. 1987 , Riedemann, Guo and Ward 2003 , Dinarello 2004 . It is thought that synergistic interactions between cytokines can cause or attenuate tissue injury (Calandra, Bochud and Heumann 2002) . Tumor necrosis factor (TNF)-α, released from neutrophils, macrophages, and endothelial cells, is an important cytokine involved in the pathophysiology of septicemia (Tracey et al. 1987 , Lum et al. 1999 . TNF-α-induced tissue injury is largely mediated through neutrophils which respond by producing elastase, superoxide ion, hydrogen peroxide, phospholipase A, platelet-activating factor, leukotriene B1, and thromboxane A2 (Aldridge 2002 ). Therefore, it is possible that the exacerbation of gas gangrene with inflammatory symptom and septicemia with massive intravascular hemolysis caused by C. perfringens is dependent on cytokines released from neutrophils and macrophages activated by the toxin. Macrolide antibiotics, including erythromycin (ERM), azithromycin (AZM), clarithromycin and kitasamycin (KTM), are recognized as potent antibiotics for the treatment of various microbial infections (Schmid 1971) . Some of these antibiotics have been reported to be effective against diffuse panbronchiolitis characterized by chronic inflammation with inflammatory cell infiltration (Kadota et al. 1993 , Fujii et al. 1995 . Thereafter, macrolides were shown to exert immunomodulatory effects on a wide range of cells; epithelial cells, macrophages, monocytes, eosinophils, neutrophils, and lymphocytes. The 14-and 15-membered macrolides are known to lead to suppression of neutrophil chemotaxis and oxidative burst, and inhibition of the release of proinflammatory cytokines from monocytes (Sato et al. 1998 , Khan et al. 1999 , Rubin and Tamaoki 2000 . From the point of view of their unique pharmacological actions, recently we revealed that these macrolides inhibited alphatoxin-induced events in vivo and in vitro. In this review, we show the mechanism for the action of macrolides on the biological activities of the toxin.
Characterization of alpha-toxin
The genes encoding alpha-toxin (Titball et al. 1989) , Bacillus cereus PLC (BC-PLC) (Gilmore et al. 1989) , and PLCs from C. bifermentans (Tso and Siebel 1989) and Listeria monocytogenes (Vazquez-Boland et al. 1992) have been isolated and their nucleotide sequences were determined. (Titball 1993) . It therefore was found that the deduced amino acid sequences of alpha-toxin and these enzymes exhibit significant homology up to approximately 250 residues from the N-terminus. Therefore, the findings show that alpha-toxin (370 amino acid residues) belongs to the PLC family. BC-PLC has two tightly bound and one loosely bound zinc ions (Hough et al. 1989, Vallee and Auld 1993) . Crystallographic and site-directed mutagenesis analysis of alpha-toxin revealed that one zinc ion is tightly coordinated with His-11 and Asp-130, a second is coordinated tightly with His-148 and loosely with Glu-152, and a divalent cation is loosely associated with His-68, -126, -136 and Asp-130 (Nagahama et al. 1995, Nagahama et al. 1996b ) and that Asp-56 is essential for catalytic activity (Nagahama et al. 1997) , indicating that the catalytic site of the toxin is located in the N-terminal domain. Furthermore, the crystallographic study indicated that the structure is divided into two domains (Naylor et al. 1998) : the N-domain (250 residues), consisting of nine tightly packed -helices, and the C-domain (120 residues), consisting of an eight-stranded anti-parallelsandwich motif. It was confirmed that the N-domain has a structural topology similar to the entire BC-PLC (Hough et al. 1989 ) and three divalent cations containing zinc ions in the active site, and that amino acid residues involved in zinc-coordination are essential for the enzymatic activities. We reported that mixing the individual N-domain and C-domain restored the hemolytic activity , suggesting that the C-domain affects the activity of the N-domain. Guillouard et al. (Guillouard et al. 1997 ) and Naylor et al. (Naylor et al. 1998) reported that the fold of the C-domain is similar to those of the "C2" and "C2-like" domains, present in eukaryotic proteins involved in signal transduction, of Effect of Macrolide Antibiotics on Biological Activities Induced by Clostridium perfringens Alpha-Toxin 149 eukaryotic phospholipid-binding proteins such as synaptotagmin. Guillouard et al. (Guillouard et al. 1997) reported that the C-domain of alpha-toxin mediates interactions with membrane phospholipids in a calcium-dependent manner. Furthermore, Alape-Giron et al. (Alape-Giron et al. 2000) reported that Tyr-275, -307 and -331 residues are critical for binding of the toxin. We also reported that acrylodan-labeled C-domain variants (S263C and S365C) bound to liposomes and internalized into the hydrophobic environment in liposomes (Nagahama et al. 2002, Nagahama, Michiue and Sakurai 1996a) . It therefore appears that the C-domain plays an important role in binding to membranes. From these observations, it is apparent that alpha-toxin consists of two distinct modules: the N-domain catalyses phospholipid hydrolysis in membranes and the C-domain binds to and inserts into membranes ( Fig. 1 ) (Beutler, Milsark and Cerami 1985) . Later, Tracey et al. demonstrated that a monoclonal anti-TNF-α antibody protected baboons against sepsis elicited by Escherichia coli (Tracey et al. 1987) . It has been reported that the overproduction of inflammatory cytokines induced by shiga toxin (van Setten et al. 1996 , Yoshimura et al. 1997 ) and LPS (Palsson-McDermott and O'Neill 2004) led to a cytokine storm, damaging various cells and tissues. Stevens et al. and Bunting et al. suggested that alpha-toxin contributed to shock by stimulating production of endogenous mediators such as TNF-α and platelet-activating factor (Bunting et al. 1997, Stevens and . Fig. 2 shows that intravenous injection of alpha-toxin in mice resulted in the release of TNF-α, interleukin (IL)-1β, IL-6, IL-10, IFN-γ, and IL-2 in serum (Fig. 2) , and eventually death. TNF-α, IL-1β, and IL-6 are known to be important elements in the inflammatory response. Therefore, it is possible that the lethality of alpha-toxin is associated with the release of these inflammatory cytokines. Fig. 2 . Effect of macrolide antibiotics on the toxin-induced release of cytokines in blood of mice Mice received ERM or KTM for 5 days every 24 h and were injected intravenously with 20 ng of alpha-toxin. Cytokines (TNF-α, IL-1β, IL-6, IL-10, IFN-γ and IL-2) in the blood were assayed with ELISA kits. Symbols: control, •; Saline + alpha-toxin, ■; ERM (0.5 mg/mouse) + alpha-toxin; ▲; KTM (0.5 mg/mouse) + alpha-toxin, □.
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To examine the role of inflammatory cytokines in the death caused by the toxin, mice were intravenously injected with the toxin after the administration of an anti-TNF-α, IL-1β, or IL-6 antibody. Untreated mice began to die within 10 hr after the administration of the toxin and all mice died within 12 hr. The survival rate of anti-TNF-α antibody-preinjected mice was 100 and 80% after 8 and 12 hr, respectively, under the conditions (Fig. 3) . The anti-IL-1β and anti-IL-6 antibodies had little effect on the lethality (Fig. 3) . From the result, it is likely that the lethality of the toxin is related to the release of TNF-α, not of IL-1β or IL-6. To confirm this, the effect of the toxin on TNF-α-deficient mice was tested (Fig. 4) . The administration of alpha-toxin killed all of the wild-type mice within 12 h. The survival rate of the TNF-α-knockout mice was 100% and 75% within 12 and 24 h, respectively, consistent with the result obtained by injection of the anti-TNF-α antibody in mice. The observations showed that TNF-α released by the toxin is important in the death caused by the toxin. On the other hand, TNF-α in the range of concentrations found in mice treated with alpha-toxin was not lethal. Therefore, it is apparent that TNF-α alone did not participate in the death from alpha-toxin under our experimental condition. It is likely that TNF-α released by alpha-toxin plays a role in enhancing the actions of the toxin in vivo, but is not a major factor. Therefore, we cannot exclude the possibility that a TNF-α inhibitor is worth pursuing as a novel therapeutic approach to the treatment of gas gangrene and septicemia caused by the microorganism. Fig. 3 Effect of anti-TNF-α -IL-1β and -IL-6 antibodies on the lethality of alpha-toxin. Mice received 50 μg of anti-TNF-α, anti-IL-1β, or anti-IL-6 antibody, and after 2 h, were injected intravenously with 20 ng of alpha-toxin. Survival of the mice was monitored at the indicated times after the injection of the toxin. Symbols: Saline + alpha-toxin, ○; anti-TNF-α antibody + alpha-toxin, •; anti-IL-1β antibody + alpha-toxin, ▲; anti-IL-6 antibody + alpha-toxin, ■. 
The potency of macrolide antibiotics

The effect on alpha-toxin-induced death
Macrolides, particularly those derived from 14-and 15-membered rings, exert antiinfammatory effects through a variety of signaling pathways including activator protein-1 (AP-1) and nuclear factor-kappaB (NF-κB) (Sato et al. 1998 , Khan et al. 1999 , Desaki et al. 2000 , Rubin and Tamaoki 2000 , Kikuchi et al. 2002 . The antibiotics have been reported to impair the production of pro-inflammatory cytokines (Kadota et al. 1993 , Fujii et al. 1995 . Abe et al. reported that macrolides repressed IL-8 gene expression by suppressing both AP-1 binding sites and NF-κB (Abe et al. 2000) . Shchultz et al. postulated that the treatment with macrolides results in suppression of the production of TNF-α and granulocyte-macrophage colony-stimulating factor (Schultz et al. 1998 ). Simpson et al. have also reported that 14-and 15-member macrolide antibiotics attenuated the activation of neutrophils induced by various inflammatory stimuli (Simpson et al. 2008 ).
We measured the release of these cytokines induced by the toxin in mice preinjected with the 14-membered macrolide, ERM or the 16-membered, KTM. In mice preinjected with ERM, the toxin-induced release of pro-inflammatory cytokines, TNF-α, IL-1β, and IL-6, in blood was markedly decreased (Fig. 2) , whereas the toxin-induced release of the T-helper type 1 (Th1) cytokines, IFN-γ and IL-2, and the T-helper type 2 (Th2) cytokine, IL-10, increased approximately 2-fold, compared with that in mice preinjected with ERM (Fig. 2) . The action of AZM resembled that of ERM. In mice preinjected with KTM, the toxin-induced release of these cytokines was the same as that in the control mice. 
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ERM or KTM alone caused no release of these cytokines. It therefore is apparent that ERM and AZM inhibit the toxin-induced release of pro-inflammatory cytokines, and enhance that of Th1 and Th2 cytokines in vivo. It is interesting that the antibiotics increased levels of Th1 and Th2 cytokines under the conditions. The antibiotics may control a balance of the immune system disrupted by the toxin. We examined the effect of ERM, AZM, and KTM on the toxin-induced death. Alpha-toxininjected mice began to die after about 8 hr, and all mice died within 12 hr of the administration (Fig. 5) . ERM-or AZM-preinjected mice survived up to 18 hr after the injection of alpha-toxin. The survival rate of mice preinjected with ERM and AZM was about 80 and 70%, respectively, 24 h after the administration of the toxin, showing that ERM and AZM inhibited the toxin's lethal effect. These results show that the 14-ring and the 15-ring macrolides have inhibitory effects on the lethality of alpha-toxin, but the 16-ring macrolides do not. The result coincided with that reported previously (Oda et al. 2008 ).
Fig. 5. Effect of macrolide antibiotics on the lethality of alpha-toxin
Mice received 15 mg/kg of ERM, AZM, or KTM for 5 days every 24 h, and were then injected intravenously with 20 ng of alpha-toxin. Survival of the mice was monitored every 4 hr after the injection of the toxin. Symbols: Saline + alpha-toxin, ○; ERM + alpha-toxin, •; AZM + alpha-toxin, ■; KTM + alpha-toxin, ▲.
Effect on systemic hemolysis induced by alpha-toxin
Massive intravascular hemolysis is reported to be diagnostic of C. perfringens septicemia (Alvarez et al. 1999) . Bunderen et al. reported that the disease occurs in immunocompromised patients and patients with underlying malignancy, or in otherwise healthy individuals with abdominal surgery or following abortion (van Bunderen et al. 2010) . Combination therapy with penicillin and clindamycin has been shown to minimally improve survival in animal studies (Stevens et al. 1987) . However, at present, the treatment of choice for C. perfringens septicemia is intravenously administered high-dose penicillin and surgical debridement of infectious focus. It is reported that early treatment can rescue patients from an otherwise rapidly fatal outcome, and that the disease with massive hemolysis leads to death within a few hours (Alvarez et al. 1999) . Bunderen et al. also found that the toxin-induced hemolysis is an additional prominent factor in the pathogenesis of septicemia caused by C. perfringens (van Bunderen et al. 2010) .
We have reported the relationship between the toxin-induced hemolysis and activation of phospholipid metabolism via pertussis toxin-sensitive GTP-binding protein (Gi) (Sakurai, Ochi and Tanaka 1994 , Ochi et al. 1996 , Ochi et al. 2004 , Oda et al. 2008 . Intravenous injection of alpha-toxin in mice resulted in massive intravascular hemolysis (Sugahara and Osaka 1970, Kreidl, Green and Wren 2002) . However, little is known about the mechanism of hemolysis induced by the toxin in vivo. We investigated the effect of cytokines on the hemolysis induced by alpha-toxin. Mouse erythrocytes were treated with a sub-hemolytic dose of alpha-toxin at 37 o C for 30 min, and then incubated with various concentrations of TNF-α, IL-1β or IL-6 for 60 min. Fig. 6 shows that TNF-α enhanced the toxin-induced hemolysis of mouse erythrocytes in a dose-dependent manner, but IL-1β and IL-6 did not.
Fig. 6. Effect of cytokines on hemolysis induced by alpha-toxin in mouse erythrocytes
The washed erythrocytes of mice were incubated with 20 ng/mL of alpha-toxin at 37 o C for 30 min, and then treated with various concentrations of cytokines at 37 o C for 60 min. Symbols: TNF-α, ○; IL-1β, □; IL-6; ■. *, p < 0.01.
To investigate the effect of ERM and KTM on the hemolysis induced by alpha-toxin in vivo, mice preinjected with ERM and KTM were intravenously administered the toxin. The alphatoxin-induced hemolysis was markedly decreased in the ERM-or AZM-injected mice, but not KTM-injected mice (Fig. 7) . Blockage of TNF-α's release by ERM or AZM in vivo paralleled the reduction in hemolysis caused by the toxin. It therefore appears that TNF-α enhances the toxin-induced hemolysis in vivo, suggesting that ERM and AZM are effective against the systemic hemolysis induced by alpha-toxin. The result suggests that the antibiotics may prevent hemolytic anemia induced by the toxin. 
The effect on alpha-toxin-induced activation of neutrophils
Alpha-toxin induced the release of TNF-α from neutrophils and macrophages. The 14-and 15-membered macrolides inhibited the toxin-induced release of TNF-α, IL-1β, and IL-6 in vivo, as mentioned above. Furthermore, the macrolides prevented the toxin-induced activation of phagocytes and release of TNF-α from cells in vitro. We investigated the effect of the toxin on neutrophils isolated from the macrolide-preinjected mice. The release of TNF-α induced by the toxin from neutrophils prepared from ERM-or AZM-preinjected mice was about 20% of that from neutrophils of untreated mice (Fig. 8A) . Little significant reduction in the amount of TNF-α released was observed in neutrophils from mice pretreated with KTM, compared with the control (Fig. 8A) . Furthermore, the pretreatment of macrophages with ERM and AZM in vivo resulted in a reduction in the toxin-induced release of TNF-α, but that with KTM did not. It therefore appears that the treatment of these phagocytes with ERM and AZM resulted in a reduction in the response to the toxin. We have reported the mechanism for activation of neutrophils by the toxin as follows (Fig.  8B) . Alpha-toxin stimulated the generation of O 2 -in rabbit neutrophils in vitro , Oda et al. 2006 . Treatment of neutrophils with the toxin resulted in tyrosine phosphorylation of a protein of about 140 kDa (Fig. 8C) . The protein reacted with an antityrosine kinase A (TrkA) antibody and bound nerve growth factor (NGF). The anti-TrkA antibody inhibited the toxin-induced production of O 2 -from the cells and binding of the toxin to the protein. In addition, the toxin did not bind to PC12 cells treated with TrkAsiRNA, which did not express TrkA. The observations show that the TrkA is a receptor of alpha-toxin. The toxin induced phosphorylation of 3-phosphoinositide-dependent protein kinase 1 (PDK1), which functions as a downstream mediator of TrkA. K252a, an inhibitor of TrkA, and LY294002, an inhibitor of phosphatidylinositol 3-kinase (PI3K), reduced the toxininduced production of O 2 -and phosphorylation of PDK1, but not the formation of diacylglycerol (DG) (Fig. 8D) . These inhibitors inhibited the toxin-induced phosphorylation Fig. 8 . Effect of alpha-toxin on TrkA-mediated signal transduction in neutrophils prepared from mice preinjected with macrolides Neutrophils were prepared from mice injected with ERM, AZM, or KTM. A) The neutrophils were incubated with 100 ng of alpha-toxin at 37 o C for 3 h. The release of TNF-α was assayed with an ELISA kit. *, p < 0.01. B) Production of O 2 -was monitored for 15 min based on MCLA-chemiluminescence. O 2 -production induced by alpha-toxin alone was set as the maximal response (100%). *, p < 0.05. C) The neutrophils were incubated with 100 ng/ml of alpha-toxin at 37 o C for 10 min, and subjected to SDS-PAGE and Western blotting using specific antibody. D) The neutrophils were incubated with 100 ng/ml of alpha-toxin at 37 o C for 10 min, and DG in the cells was measured. *, p < 0.01.
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Effect of Macrolide Antibiotics on Biological Activities Induced by Clostridium perfringens Alpha-Toxin 157 of protein kinase C θ (PKCθ). On the other hand, U73122, a PLC inhibitor, and pertussis toxin inhibited the toxin-induced generation of O 2 -and formation of DG, but not the phosphorylation of TrkA and PDK1 (Fig. 8D) . These observations show that the toxin independently induces production of DG through activation of endogenous phosphatidylinositol PI-PLC via Gi and phosphorylation of PDK1 via the TrkA signaling pathway and the two events synergistically activate PKCθ which is involved in the generation of O 2 -through the stimulation of mitogen-activated protein kinase (MAPK)-associated signaling events (Fig. 9) . Macrolide antibiotics have been reported to inhibit effects through signaling pathways including NF-κB and AP-1. It has been reported that ERM, clarithromycin, and Fig. 9 . Effect of ERM and AZM on alpha-toxin-activated signal transduction roxithromycin inhibit the generation of O 2 -by stimulus-activated neutrophils (Anderson 1989, Hand and King-Thompson 1990) . However, little is known about the inhibitory mechanism of the antibiotics. Recently we revealed that macrolides prevent the toxininduced death, production of O 2 -, and release of TNF-α in neutrophils through inactivation of TrkA (Oda et al. 2008) . ERM and AZM inhibited the toxin-induced phosphorylation of TrkA under conditions in which the toxin inhibits biological activities; production of O 2 -and release of TNF-α (Fig. 8) . On the other hand, treatment with ERM and AZM had no effect on the formation of DG via Gi in rabbit neutrophils treated with alpha-toxin. KTM, which does not inhibit the biological activities of the toxin, did not prevent them. These observations provided evidence that inhibition of the toxin-induced phosphorylation of TrkA by ERM and AZM results in suppression of activation of neutrophils, formation of O 2 -, and release of TNF-α. Therefore, the results show that 14-and 15-membered macrolides specifically inhibit the phosphorylation of TrkA, viz. activation of the protein.
Discussion
C. perfringens alpha-toxin causes death, hemolysis, the activation of neutrophils, and the release of TNF-α through activation of MAPK-associated signaling via two pathways, activation of endogenous PI-PLC via Gi and PDK1 via phsophorylation of TrkA. The 14-and 15-membered macrolides specifically inhibited the phosphorylation of TrkA, preventing the activation of the MAPK signaling pathway present in the downstream region of TrkA. Therefore, it was found that the antibiotics specifically block these activities of the toxin by inhibiting the phosphorylation of TrkA. TNF-α appears to play an important role in the lethal effect of the toxin, because 1) the anti-TNF-α antibody prevented death caused by the toxin, 2) TNF-α-knockout mice were resistant to the toxin, and 3) the 14-and 15-membered macrolides, which prevent the release of TNF-α induced by the toxin, inhibited the lethal and hemolytic effects of the toxin. However, Wiersnga and Poll reported that trials with an anti-TNF-α antibody and recombinant IL-1 receptor antagonist for clinical septicemia failed, and many other antiinflammatory strategies were not successful in altering the outcome of patients with septicemia (Anas et al. 2010) . Furthermore, the fallacy of the notion that excessive inflammation is the main or sole underlying cause of an adverse outcome in septic patients has been pointed out in the review by Wiersnga and Poll (Wiersinga and van der Poll 2007) . On the other hand, considering that bacteria grow in patients with septicemia, there are many unanswered questions about the immune functions of the host, clearance of bacteria in vivo by antimicrobial agents, and surgical resection of foci and so on. Therefore, our findings on the role of TFN-α in diseases caused by C. perfringens should be considered significant. Certainly, TNF-α alone in the range of concentrations found in mice treated with alpha-toxin was not lethal. Thus, our results seem that TNF-α promotes lethality and massive intravascular hemolysis caused by the toxin. Fourteen-and the 15-membered macrolides have been shown to exert immunomodulatory effects on a wide range of cells; epithelial cells, macrophages, monocytes, eosinophils, neutrophils, and lymphocytes. The antibiotics are known to inhibit adherence, oxidative burst, cytokine expression and mobility. The administration of the 14-and 15-membered macrolides resulted in a drastic reduction in alpha-toxin-induced release of proinflammatory cytokines and systemic hemolysis and death, and increases in Th 1 and 2 cytokines in mice treated with the toxin. Yan et al. reported that lysophosphatidylcholine (LPC) induced a modest and transient change in the levels of certain cytokines and that the Th 1 cytokines, IFN-, IL-2 and IL-12, were increased in response to LPC, whereas the proinflammatory cytokines, TNF-and IL-1 , were decreased (Yan et al. 2004) , showing that the pattern of cytokine regulation induced by alpha-toxin in mice treated with the macrolides is similar to that observed in the LPCtreated LPS model. Increases in Th 1 cytokines, as well as the combined decrease of TNFand IL-1 , have been reported to have beneficial effects in sepsis (Weighardt et al. 2002 , Nakahata et al. 2001 ). Yan et al. did not exclude the possibility that the combined effect of all these changes in cytokines may contribute to improved survival (Yan et al. 2004) . Our result concerning the behavior of proinflammatory cytokines was consistent with that reported by others. On the basis of these findings, a careful balance between the inflammatory and antiinflammatory response appears to be significant for survival in patients with septicemia. Therefore, it is possible that macrolides are valuable in patients with septicemia caused by C. perfringens. The 14-and 15-member-macrolide antibiotics are effective in the treatment of infectious diseases caused by C. perfringens, but not in excluding C. perfringens from foci under the conditions. Highly effective antimicrobial agents against C. perfringens are required for treatment of the diseases.
Conclusion
C. perfringens alpha-toxin, the main agent involved in the development of gas gangrene and septicemia, induces death, hemolysis, necrosis and the activation of macrophages and neutrophils. The toxin elicits these activities through the activation of an intracellular signaling pathway involving MAPK-associated signal transduction from Gi and/or TrkA. The 14-and 15-membered macrolides specifically blocked the phosphorylaion of TrkA, inhibiting these toxin-induced activities. It therefore appears that the macrolide antibiotics are effective in an improvement in clinical symptoms caused by C. perfringens. However, growth rates of C. perfringens are known to be significantly higher in infectious foci without neutrophils. The macrolides are likely not to be effective in inhibiting the growth of C. perfringens under the conditions. Penicillins are known to be highly effective in preventing the growth of microorganisms. In conclusion, treatment with 14-and 15-membered macrolides, an inhibitor of alpha-toxin, and high doses of penicillins, antimicrobial agents, would be effective against diseases caused by C. perfringens. Identification of residues critical for toxicity in Clostridium perfringens
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